This review focuses on studies from the past year that have greatly advanced our understanding of molecular and cellular regulation of pancreatic acinar cell function.
Introduction
The pancreatic acinar cell is a highly specialized structure developed for synthesis, storage, and secretion of digestive enzymes. The acinar cell arises from the same pancreatic progenitor as duct and islet cells and is tightly polarized. Its apical pole is densely packed with zymogen granules that secrete digestive enzymes by exocytosis. This review of the past year's literature is divided into two sections. The first summarizes studies of ontogeny, expansion, and differentiation of acinar cells and pathways permissive to adaptive growth, regeneration, transdifferentiation, and malignant transformation (Fig. 1 ). The second section describes studies that examine the molecules that form the membrane of zymogen granules and their function ( Fig. 2 ) and the roles of K þ and Ca 2þ channels.
Factors regulating the ontogeny of the pancreatic primordium and acinar cell
The pancreas develops from two epithelial buds in the foregut endoderm [1 ] . It expresses critical transcription factors that, first, drive the expansion of pancreatic progenitors and, second, their differentiation into acinar, duct, and endocrine cells ( Fig. 1a ). One of the earliest markers of pancreatic development is activation of the homeobox gene pancreatic and duodenal homeobox 1 (Pdx1). Gao et al. [2] showed that the winged-helix transcription factors forkhead box A1 (Foxa1) and forkhead box A2 (Foxa2) co-occupy multiple regulatory domains on the Pdx1 gene and are essential in controlling the expansion and differentiation of the pancreatic primordium. Mice with a compound, conditional ablation of both Foxa1 and Foxa2 resulted in loss of Pdx1 expression, severely disrupted acinar and islet development, and neonatal death.
Pancreas-specific transcription factor, 1a (PTF1a) is another factor expressed by pancreatic progenitor cells, which, similar to Pdx1, contributes to all three lineages. However, its expression becomes restricted to acinar progenitor cells in the mouse by embryonic day 13.5 (or E13.5) [3] . Recent work by Masui et al.
[4] elucidates the mechanisms for this temporal shift. During embryonic development, a 2.3-kb autoregulatory enhancer region initiates expression of PTF1a in the early precursor epithelium and then superinduces expression in nascent acinar cells. In mature acinar cells, the enhancer, along with an active trimeric form of PTF1a, establishes an autoregulatory loop that reinforces and maintains PTF1a.
Determining acinar cell fate
In the mouse, at E13.4-E14.5, 4-6 days after the onset of pancreatic development (E8.5-E9.0), intensive pancreatic epithelial cell proliferation and differentiation ensues in what has been termed the 'secondary transition.' By E16.5, acinar cells separate from the central ducts. Two recent reports demonstrate that the Wnt/b-catenindependent gene target Myc plays a key role in acinar cell expansion. Pancreatic tissue-specific deletion of Myc in mice using Pdx1 [5 ] or PTF1a-driven [6] expression resulted in extensive acinar cell hypoplasia but only a minor disturbance in endocrine development. These data highlight an important role for Wnt/b-catenin signaling in acinar precursors via Myc.
Jia et al. [7] reported that the basic helix-loop-helix (bHLH) transcription factor Mist1 constitutes another key regulator in the terminal differentiation of acinar cells. Mist1 maintains acinar cell lineage in the developing pancreas by limiting its proliferation. Acinar cells from mice with a gene deletion in Mist1 exhibit a higher proliferative index, and this phenotype could be rescued by ectopic expression of Mist1 in acinar cells using an elastase promoter. Mist1 induced the expression of the cyclin-dependent kinase inhibitor p21 CIP1/WAF1 . The results imply that Mist1 promotes differentiation of the acinar cell by affecting its cell cycle. (a) Foregut endoderm gives rise to pancreatic progenitors that then differentiate into acinar, duct, or islet cells. (b) In response to pancreatic injury, acinar cells can regenerate by dedifferentiating to a ductal epithelium and then redifferentiating to mature acinar cells (solid arrows). They can transdifferentiate to adipocytes or b-cells, depending on genetic and environmental cues (dashed arrows). However, the dedifferentiated state is prone to neoplastic transformation, such as to a PanIN lesion. PanIN, pancreatic intraepithelial neoplasia.
Figure 2 Zymogen granule proteins
A quantitative proteomics approach has detected previously known zymogen granule proteins (myosin V, VAMPs, syntaxins, Rab proteins and SCAMP) as well as identified new ones (Tm63A and presenilin 2). Luminal proteins include digestive enzymes as well as matrix proteins (GP2, GP3, syncollin, and ZG16). Recent advances describing the functions of some of these proteins are discussed in the text. KCNQ1, potassium voltage-gated channel, KQT-like subfamily, member 1; SCAMP, secretory carrier membrane protein; SNAP, synapse-associated protein; VAMP, vesicle-associated membrane protein.
differentiation but enhanced ductal and b-cell pools. The results indicate a role for histone modification in determining pancreatic cell fate.
Acinar cell growth and regeneration
In the adult pancreas, acinar cell growth is influenced by hormonal stimulation, notably by the gut hormone cholecystokinin (CCK). Gurda et al. [9] reported that CCK induces adaptive acinar cell growth by causing nuclear translocation of nuclear factor of activated T-cells (NFAT) via the Ca 2þ /calmodulin-dependent phosphatase calcineurin. In response to injury, the pancreas activates regenerative processes to maintain tissue homeostasis. The prevailing notion is that after injury, acinar cells might dedifferentiate into a ductal epithelium that expresses early developmental factors. These 'facultative progenitor cells' would then redifferentiate into mature acinar cells. Two recent reports highlight the importance of the expression of embryonic factors by acinar cells in guiding the regenerative process. Siveke et al.
[10 ] showed that reactivation of the Notch signaling pathway during injury from caerulein-induced pancreatitis is required for acinar cell regeneration. Fendrich et al.
[11 ] found that embryonic signaling by Hedgehog was upregulated in acinar cells after caerulein-induced pancreatitis, and that its blockade either pharmacologically or genetically, using Pdx1 or elastase-Cre recombinase, allowed the formation of a ductal epithelium from acinar cells, but it did not permit the redifferentiation into acini. Intriguingly, the authors suggest that the 'redifferentiation arrest' might provide a link between pancreatitis injury and subsequent neoplasia. The results also underscore the capacity of the acinar cell to revert to an earlier progenitor state in response to injury.
Transdifferentiation of acinar cells
Recent work highlighted the potential of the acinar cell to transdifferentiate directly into a different mature cell type ( Fig. 1b) . Bonal et al. [5 ] reported that the adult pancreas of mice with conditionally inactivated c-Myc underwent loss of acinar cells along with adipocyte accumulation. Using genetic cell lineage analysis, they showed that the adipocytes were directly derived from transdifferentiating acinar cells. Remarkably, this phenomenon of 'epithelial-to-mesenchymal' transdifferentiation was also observed during caerulein-induced injury as well as in human pancreas from middle-aged donors.
Further evidence demonstrating acinar cell capacity for transdifferentiation was provided by Zhou et al. [12 ] . Adenoviral vectors expressing early progenitor and islet transcription factors Pdx1, neurogenin3, and Mafa were directly injected into the tail of the pancreas in vivo. They primarily infected acinar cells and within days greater than 20% of former acinar cells, evidenced by genetic lineage tracing, began to express insulin and assumed b-cell morphology. The results confirm the potential of the acinar cell to undergo forced transdifferentiation ( Fig. 1) . They also offer the prospect of an endogenous pancreatic source of b-cells to treat diabetes.
Malignant transformation of acinar cells
The change of acinar cells to a less differentiated cell type may predispose to malignant transformation. Mounting evidence suggests that pancreatic ductal adenocarcinoma (PDAC) and its noninvasive precursor lesion known as pancreatic intraepithelial neoplasia (PanIN) are the result of acinar cell metaplasia to a ductal cell form. Habbe et al. [13] reported that targeting of oncogenic Kras mutations to elastase and Mist1-expressing acinar cells of adult mice resulted in the spontaneous induction of PanIN lesions. Similarly, De La et al. [14 ] reported that conditional expression of oncogenic Kras along with Notch using Pdx1 Cre recombinase synergistically caused mature acinar cells to convert to PanIN lesions. A downstream target of oncogenic Kras may involve the serine-threonine kinase Akt. Elghazi et al. [15] reported that acinar cellspecific activation of Akt signaling using Cre recombinase under the control of an elastase promoter induced acinarto-ductal metaplasia. The studies further support the theory that PDAC may form initially from acinar or acinar-like cells.
Thus far, we have focused on acinar cell development, growth, and differentiation. In the next section, we will cover advancements in acinar cell function, from new insight into zymogen granule membrane (ZGM) architecture to acinar cell proteins involved in secretion and ion flow.
Zymogen granule membrane architecture
Understanding the molecular architecture of the ZGM is critical for studying zymogen granule function. The membrane topology of a ZGM protein influences its accessibility to binding partners and enzymatic modification. To provide such information, a new quantitative proteomics approach has been developed that combines a protease protection assay with quantification using isobaric tags [isobaric tag for relative and absolute quantitation (iTRAQ)] [16, 17 ] . Statistical modeling then yields probabilities for proteins to be cytoplasmic or luminal based on their iTRAQ ratios. In addition to detecting expected cytoplasm-oriented membrane and membrane-associated proteins as well as content proteins (Fig. 2) , the study identified unexpected zymogen granule proteins. The latter included Tm63A (no known function) and presenilin 2 (a subunit of the g-secretase complex). The study could provide a foundation for developing a higher order architecture model of the ZGM and for future functional studies of individual ZGM protein.
Zymogen granule membrane proteins mediating secretion
Once ZGM proteins have been identified, their function has to be assessed. A number of recent articles have explored the functional roles of these proteins, and some of the latest developments are detailed below.
Small guanosine triphosphate-binding proteins
Recent studies [16,17 ,18,19] have identified small guanosine triphosphate (GTP)-binding proteins on the external surface of zymogen granules, including Rap1 and Rab27B, and these have been implicated in pancreatic exocytosis. One study [18] not only showed that Rap1 was required for mediation of cyclic AMP (cAMP) signaling via exchange protein directly activated by cAMP (EPAC) but was also necessary for CCK and carbacholevoked amylase secretion. Another study [19] looked at the interaction of Rab27B with a putative effector protein, Slp1, a protein implicated in membrane transport. Slp1 was found to be in the apical region of the acinar cell, bound to Rab27B in vivo, and both proteins colocalized on the zymogen granule surface. Furthermore, zymogen granules accumulated at the apical pole of the cell in Slp1 knockout mice under fasted conditions. Although Slp1 À/À mice exhibited greater absolute levels of stimulated secretion than wild type, the percentage secretion of the mutant and wild type was similar. The findings suggest that Slp1 may influence zymogen granule mass and cellular enzyme content but probably does not directly affect exocytosis.
Soluble N-ethylmaleimide-sensitive factor attachment protein receptor proteins
The soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins are known to regulate exocytosis. During exocytosis, specific vesicle-SNAREs (v-SNAREs) interact with other SNARE proteins, such as synapse-associated proteins (SNAPs) and syntaxins (Syn) on target membranes, to form a SNARE complex. In the pancreatic acinar cell, the v-SNARES, synaptobrevin/vesicle-associated membrane protein isoforms 2 and 8 (VAMP-2 and VAMP-8), are found on ZGM. Syn-2 is found at the apical plasma membrane, whereas Syn-3, 7, and 8 are on the zymogen granule and Syn-4 is at the basolateral membrane. SNAP 23 is found both on the zymogen granule and the plasma membrane. It has been proposed that the interaction of these proteins determines whether zymogen granule exocytosis occurs at the apical membrane (as in physiologic secretion) or basolateral membrane (as in pathologic secretion). In a recent study [20 ] using VAMP-8 À/À mice, VAMP-8 was found to be the zymogen granule SNARE, which mediated basolateral exocytosis and was also necessary for the homotypic fusion of zymogen granules required for compound exocytosis.
In the past year, additional proteins have been localized to subdomains of the ZGM and may modulate the secretory process. For example, Sdmg1 is a conserved eukaryotic membrane protein of unknown function, which has recently been identified in pancreatic acinar cells [21] . Expression of Sdmg1 was upregulated during pancreatic development when zymogen granules started to appear. Furthermore, Sdmg1 was copurified with zymogen granules during subcellular fractionation of the pancreas and localized to subdomains in the granule membrane, distinct from those for VAMP-2. These data suggested that Sdmg1 plays a role in regulated pancreatic secretion. It has not yet been determined whether Sdmg1 subdomains in the secretory granule membrane overlap with VAMP-8 subdomains or with any subdomains of other SNARE proteins present on the secretory granule membrane. How these domains are arranged and oriented on the ZGM may influence secretory granule exocytosis.
Another potential modulator of secretion is protein kinase D (PKD), a serine/threonine kinase, which undergoes translocation, phosphorylation, and activation after secretagogue stimulation. The predominant isoform in mouse and human pancreatic acinar cells is PKD3. A recent study [22] has shown that adenoviral overexpression of PKD3 enhances CCK-induced amylase secretion in mouse acinar cells. Furthermore, partial localization of PKD3 to VAMP-2-positive structures was observed, although adenoviral overexpression of PKD3 did not seem to promote recruitment of VAMP-2 structures to the apical membrane. As distinct populations of zymogen granules have been associated with either VAMP-2 or VAMP-8, it is possible that PKD3 may target another subset of zymogen granules (e.g. VAMP-8-positive zymogen granules) for exocytosis.
Ion channels
During zymogen granule exocytosis, ion channels in the ZGM are inserted into the apical membrane. The ZGM has at least two cation and two anion conductive pathways, which contribute to K þ and Cl À fluxes into the granules and promote release of digestive enzymes. Emerging evidence points to a Ca 2þ -sensitive potassium channel [potassium voltage-gated channel, KQT-like subfamily, member 1 (KCNQ1)] as a strong candidate for mediating K þ flux [23] . The presence of KCNQ1 was confirmed by immunoperoxidase labeling of pancreatic tissue, immunogold labeling of zymogen granule, and immunoblotting of ZGM. Furthermore, the single channel characteristics were verified using ZGM fused to planar lipid bilayers. An inhibitor of KCNQ1, 293B, not only inhibited single channel activity but also reduced CCK-induced amylase secretion in permeabilized acini. This study underlines the importance of ion channels in the secretory process.
Thus far, we have detailed some of the proteins in, or associated with, the ZGM, which account for exocytosis and secretion. However, a number of intracellular signaling pathways are required to initiate the events leading up to the exocytotic process. Receptor-mediated processes are beyond the scope of this review, but in the next section, we summarize the latest developments concerning the role of Ca 2þ signaling in secretion.
Ca 2R -dependent events
Previously, CCK had been thought to act indirectly on human pancreatic acinar cells via vagal nerve stimulation, but new evidence suggests that CCK can directly activate secretion from human pancreatic acinar cells, similar to that seen in rodents [24 ] . At physiologic concentrations of CCK-8 and human CCK-58 (1-20 pmol/l), rapid oscillatory increases in cytosolic Ca 2þ were seen with an apical to basal progression followed by increases in mitochondrial ATP production and secretion. These Ca 2þ responses were inhibited with caffeine, an inhibitor of inositol 1,4,5 trisphosphate-sensitive Ca 2þ channels (IP 3 R), suggesting that they occur through IP 3 -induced Ca 2þ release (IICR).
Studies in rodents have shown that IICR is the primary signal driving enzyme and fluid secretion, and the type 2 and 3 IP 3 Rs are the predominant isoforms in the acinar cell. Both IP 3 Rs are positively regulated by cytosolic ATP, but type 2 is 10-fold more sensitive to ATP than type 3. Current evidence shows that, in type 2 IP 3 R knockout mice, 10-fold higher levels of ATP were required to sensitize IICR in permeabilized acinar cells compared with wild type [25] . This suggests that type 2 IP 3 R determines the sensitivity of IICR to ATP. Furthermore, type 2 IP 3 R may protect IICR from the inhibitory effects of ATP depletion during times of metabolic stress.
Finally, Shah et al. [26] have shown that the second messenger, cAMP, can modulate the speed of the Ca 2þ wave in acinar cells, and that the likely target of this modulation is a Ca 2þ -sensitive Ca 2þ channel, the ryanodine receptor (RyR). Although this latter study examined pathological conditions, it does underscore the critical role that Ca 2þ dynamics play in pancreatic acinar cell regulation. How wave speed might be translated into cellular responses remains unclear.
Conclusion
This review has detailed current progress in understanding the epigenetic signals that dictate pancreatic development, acinar cell fate, and pancreatic growth. Furthermore, advances in proteomics and computer modeling have led to an expanded view of the proteins mediating acinar cell function. Studies focusing on acinar cell processes such as secretion and calcium signaling have yielded new insights into these events at the molecular level. Although the mature acinar cell arises from the same pancreatic progenitor as duct and islet cells, it is specific signals, some outlined in this review, that lead to its development into a highly specialized cell type programmed for synthesis, storage, and secretion of digestive enzymes.
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